Abstract-A modular He-cooled divertor concept for DEMO has been developed at KIT under the EU PPCS with the goal of reaching 10 MW/m 2 . The reference design is based on a modular tungsten-based cooling finger, which consists of a tungsten tile as thermal shield brazed to a thimble heat sink made of W-1 wt% La 2 O 3 (WL10). The lower temperature of the divertor operating temperature window is dictated by the ductile-brittle transition temperature and the upper temperature by the recrystallization temperature of WL10 material, assumed at 600 °C and 1300 °C, respectively, under irradiation. In this study, another design option based on the use of tantalum alloy T-111 as an alternative thimble material is investigated, which offers a potential for the exploitation of material ductility, and thus the possibility of a lowering the DBTT temperature limit.
INTRODUCTION
A modular He-cooled divertor concept for DEMO has been developed at KIT under the EU PPCS study, initially with the goal of reaching a peak heat flux of 10 MW/m 2 . Today's reference concept HEMJ (Helium-cooled modular divertor concept with jet cooling) [1] (Fig. 1 ) is based on a modular design of small cooling fingers. Each of them consists of a tungsten tile as thermal shield which is brazed to a thimble made of tungsten with 1 wt% lanthanum oxide (WL10) as heat sink part. The lower temperature of the divertor operating temperature window is limited by the ductile-brittle transition temperature DBTT and the upper temperature by the recrystallization temperature (RCT) of the WL10 thimble structure material, assumed at 600 °C and 1300 °C under irradiation, respectively. The tungsten fingers are connected with the steel body by means of brazing. Divertor fingers are cooled with helium impinging jets at 10 MPa and 600 °C, a temperature that is dictated by the DBTT limit of thimble material. Status and results of the development of this divertor concept including manufacturing and HHF tests of mock-ups for the verification and validation of the design have been reported in detail in [1] . The cooling capacity of the divertor finger with helium of higher than 10 MW/m 2 has been confirmed by HHF tests.
As is well known tungsten materials are brittle by nature. Added to this is that neutron irradiation of materials causes displacement damage (dpa), production of different gaseous (helium, hydrogen), and solid transmutation products. This results in material embrittlement, in particular through the two former. The neutron irradiation-induced embrittlement of body-centered cubic (bcc) metals is characterized by a shift in DBTT (∆DBTT) and by a reduction of fracture toughness (to be compared qualitatively with the charpy upper-shelf energy). The dilemma of divetor design is that the irradiated material data for the used tungsten and tungsten-based materials are unknown. The assumption for the lower operating temperature window of the refractory metals are based on conservative estimates under expectations of large increase in hardening at low neutron irradiation temperatures < 0.3·Tm, such a high temperature limit that restricts the design so much, even to make it impossible or critical. 
II. DESIGN ADAPTATION FOR T-111 APPLICATION

A. Overview and comparison of the DBTT of some bcc materials
In Table I , unirradiated DBTT (DBTT unirr. ) and ∆DBTT values caused by neutron irradiation for some structural materials of the same bcc type are compiled. Especially for the RAFM steel Eurofer neutron irradiation effects on the ductility are farthest known. The illustrated irradiated values of Eurofer include only the effect of dpa embrittlement and not of helium embrittlement because the irradiations were made in fission reactors without fusion relevant fast neutron fluxes. The DBTT unirr. of the first three materials was determined by the charpy tests, while for those of T-111 [5] a special bending method was used.
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The DBTT unirr. of Eurofer is about -90 ° C [2] , while the corresponding values for W [3] and WL10 [3] [4], are significantly higher at 650 °C, and 400-500 °C, respectively. Tantalum alloy T-111 has, in comparison with the firstmentioned materials, a very low DBTT down to -190 °C [5] in unirradiated state. As seen from the table, the irradiationinduced DBTT shift is only for Eurofer sufficiently known. Accordingly, the DBTT shift of Eurofer for a neutron irradiation dose of 70 dpa at T irr ~330 °C is ~235 K [2] . This has the result that under such circumstances the Eurofer structure under internal pressure can become brittle when cooled down to room temperature. Further, it was also found [2] [6] that the DBTT shift of the Eurofer steel approaches zero due to self-healing mechanism, if the neutron irradiation of the material takes place above a sufficiently high operating temperature T irr., ΔDBTT, minor . This threshold temperature for Eurofer was given in [6] at 350 °C, nota bene, that the influence of the helium embrittlement is not yet included here. In a recent report [7] , the impact of helium on the mechanical properties of Eurofer has been estimated by reviewing selected helium simulating experiments, i.e. fission reactor irradiation of boron doped model steels and spallation neutron and proton irradiation of RAFM steels. The gained knowledge shows that the helium-formation is strongly dependent on the temperature and on the type of simulation experiments, and not least (during operation) on the neutron irradiation dose (approx. 10 appm He is generated per dpa). An additional DBTT shift caused by helium formation, depending on the kind of experiments, was determined to ~0.15-0.5 K/appm He. However, it was noted in [7] , that the above-mentioned simulation experiments most probably strongly overestimate the helium effects.
For the other materials in this table, of which the DBTT shifts due to neutron irradiation are unknown, the lower boundary of the operating temperature window of the material is usually conservatively recommended by the material experts with 0.3·Tm (K). That is the recovery stage of the annealing heat treatment process of bcc metals, at which some restoration of original properties (e.g. hardness, ductility, and resistivity) is achieved by the rearrangement of dislocations. For example, this corresponds to about 800 °C for tungsten materials (Tm = 3410 °C), as also indicated in [3] as the estimated value. The limit temperature determined in this way is significantly higher than the assumed DBTT irr of 600 °C for WL10. This makes the thimble apparently the most critical component, as a result of that inherent brittleness of tungsten materials.
B. T-111 as a promissing divertor thimble material
The tantalum-base alloy T-111 (Ta-8%W-2%Hf) meets the requirements on highly creep resistant in the temperature range of ~980 °C to 1310 °C [5] , which also fits well to divertor applications. Further, T-111 possesses good properties in terms of formability, weldability, and corrosion resistance to liquid alkali metals such as lithium, sodium, and potassium. It has a relatively high melting point at 2982 °C and a density of 16.72 g/cm 3 at 25 °C. As shown in Table I , T-111 also exhibits an extremely low DBTT of -196 °C [5] , as determined by a special bend-radius test, therefore suitable for space power applications.
Concerning the neutron embrittlement of T-111, it has been noted in a recommendation paper [8] for the APEX design study that there are no known DBTT data on irradiated T-111 alloys. For the APEX study purposes, the minimum operating temperature for T-111 was proposed at 650°C (~0.3·Tm) based on the expectations of large increase in hardening associated with relatively low irradiation temperatures below 0.3·Tm.
Since no reliable neutron irradiation values for T-111 are present, as illustrated in Table I , an attempt is made to define an appropriate engineering operating temperature range for the divertor and therefore to explore the possible use of the T-111 material as follows. Taking into account the ∆DBTT of Eurofer of 235 K at 70 dpa & T irr. =330 °C (Table I ) as a measure of analogous materials with bcc structure and apply this on the material T-111, the minimum value of the irradiated DBTT for T-111 could be estimated at about 45 °C. Thus, a range for the irradiated DBTT of T-111 can be given between ~45 -650 °C, with a mean value of about 350 °C. Fig. 2 shows (left) the alternative design with T-111 thimble (compare Fig. 1 with WL10 Design) and (right) the corresponding temperature windows of the materials and the helium coolant for this design case. The design itself has only a minor change in the thimble material, namely the replacement of WL10 material against T-111. Consequently, the coolant temperature is lowered to 350 °C, which matches the DBTT of Eurofer under irradiation, while the other hydraulic boundary conditions remain unchanged. In other words, with this choice of coolant temperature of 350 °C, the base Eurofer material instead of the ODS Eurofer may be used. In addition, the design performance limit can be maxed out, for example, larger fingers dimension (reduction of the number of fingers), or reducing mass flow rate that leads to a pumping power savings.
C. Temperature windows for T-111 case
III. THERMAL-HYDRAULIC AND THERMO-MECHANICAL DESIGN VERIFICATION USING CFD AND FEM ANALYSES
A. Compilation of T-111 material data for the analyses
In Table II , the thermo-physical and thermo-mechanical material data of T-111 are summarized. For the stress evaluation according to the ASME Code the Sm values are also listed in the last column, with Sm = min(2/3·Rp0.2, 1/3·Rm), here, first however simplistic without creep, i.e. without taking into account the service life, since the data for creep-rupture strength is missing anyway. For comparison, the corresponding values for pure tungsten [11] are presented in Table III . Since the Poisson's ratios of the T-111 are associated with a very large uncertainty, therefore the values of tungsten are provisionally used for the following stress calculations. 
B. CFD Analysis
A steady-state CFD analysis using ANSYS-CFX [12] is performed to compute the flow fields in the helium coolant and temperature distributions in finger structures. Numerical domain consisted of 3 solid domains (tile, thimble and cartridge) and of one fluid domain. Heat transfer equations in fluid and solid domains are solved simultaneously. In the fluid domain, the helium is modelled as an ideal gas. Shear stress transport (SST) two-equation turbulence model [13] is used to resolve turbulence and heat transfer scales in the helium flow. In the solid domain the heat conduction equation is solved. Details of the modeling approach are extensively described in [14] . Uniform heat flux is applied at the upper surface of the tile and adiabatic boundary conditions are assumed at the outer walls. Helium flow enters the cartridge at the constant mass flow rate. The HEMJ finger (Fig. 1) with a hexagonal shape of the tile was used to confront the results of the reference case with the WL10 thimble material against the Ta-based thimble material and low helium cooling. Comparison of implemented boundary conditions for the two cases is presented in Table IV. Computational procedure: Simulations were performed in the steady-state mode using at least 500 iterations to reach the converged solution. All computational domains (1 fluid and 3 solid domains) were meshed with hexahedral elements which amounts to the mesh with 13.5 million elements for the fullscale finger model. Table V . Due to the lower helium temperature, the maximum thimble temperature for the Ta alloy is about 150 °C lower and does not exceed 1100 °C. As a consequence of lower helium temperature, the jet velocities are much lower than for the reference case -this contributes to significant reduction of the pressure drop for more than 30% compared to the reference case (see Table V ). 
Results: Comparison of main simulation results for both cases is presented in
C. Thermo-Mechanical Design Verification using FEM Analysis
The stress analysis was performed using the program Ansys v14.0. As primary and secondary loadings on the divertor components an internal pressure of 10 MPa and the calculated temperature distributions in the solid body, respectively, were used. In detail, the inner wall temperature distribution of the thimble was transferred from the corresponding CFD analysis (section B.) by means of a mapping process. Then, the component temperatures were recalculated with Ansys using a defined surface heat load of 10 MW/m 2 . The calculated temperature distributions of the components and the abovementioned internal pressure are used directly as a boundary condition for the stress analysis in the further step. A quasiplain strain was assumed as a boundary condition for the lower cut plane , i.e. flat surfaces remain flat. In contrast to the real brazed joint with a ductile, stress-compensating interlayer material, such as titanium, a rigid connection between the T-111 thimble and the W tile was conservatively assumed for this analysis.
Results: The primary focus of the analysis is on the thimble as a structural part, anticipating that the design of the tungsten tile as functional part has been already optimized in the initial reference design described in [1] . In Fig. 3 , the calculated von Mises stress distributions for T-111 case are shown. In particular, the maximum stresses in the components and the corresponding prevailing temperatures are highlighted. The calculated maximum stress in T-111 thimble is approximately 410 MPa at ~1054 °C, which slightly exceeds the permissible value of about 400 MPa. In view of the fact that a rigid connection between the T-111 thimble and the W tile was assumed, the real existing maximum stress is likely to be significantly lower. More detailed calculations in this respect will follow. In addition, a possibility to increase the strength is the use of such a tantalum alloy with higher tungsten content e.g. Ta-10W with 10 wt% tungsten, which could entail a significant increase in strength. 
IV. CONCLUSIONS
It is well known, that tungsten materials are inherently brittle. The situation is aggravated by the negative effect of neutron irradiation on the material properties, especially regarding the brittleness of the material. The dilemma of divetor design is that the irradiated material data for the used tungsten and tungsten-based materials are unknown. The recommendation of the material specialists for the lower operating temperature window of the refractory metals are based on conservative estimates under expectations of large increase in hardening at low neutron irradiation temperatures < 0.3·Tm. This seemingly makes the design problematic, and even critical. In the present work, however, in order to circumvent the dilemma, another solution with alternative thimble material is examined. The result of this study showed that the selection of T-111 material may satisfy the requirements, when working at a coolant temperature of 350 °C. This solution even offers the advantage that the use of ODS type of Eurofer is dispensable.
